How noise discomfort and vibration discomfort depend on duration has not previously been compared. For five durations (2, 4, 8, 16, and 32 s), the subjective equivalence of noise and vibration was investigated with all 49 combinations of seven levels of noise and seven magnitudes of whole-body vertical vibration. The rate of increase in discomfort with increasing duration was similar for noise and vibration, whereas they are currently assumed to be 3 dB per doubling of noise duration and 1.5 dB per doubling of vibration duration. The discomfort caused by low levels of noise was masked by high magnitudes of vibration, and the discomfort caused by low magnitudes of vibration was masked by high levels of noise. As stimuli durations increased from 2 to 32 s, the influence of vibration on the judgement of noise discomfort decreased, whereas the influence of noise on the judgement of vibration discomfort was unchanged.
Introduction
Noise and vibration influence the comfort experienced in land vehicles, aircraft, ships, and buildings. Some studies of the 'relative' importance of noise and vibration in causing discomfort have investigated the subjective equivalence of the sound pressure level (SPL) of noise and the root-mean-square (r.m.s.) acceleration of vibration (e.g. Fleming and Griffin 1975 , Hempstock and Saunders 1976 , Kjellberg et al. 1985 . The relative importance of noise and vibration in buildings has also been investigated using the sound exposure level, SEL, and the vibration dose value, VDV, so as to account for the influence of the intensity, the duration, and the frequency of the noise and vibration on human sensations (Howarth and Griffin 1990a , 1990b , 1991 . The subjective equivalence between the SEL and the VDV for the noise and vibration in cars has been compared with previous studies of the equivalence between the SPL and the r.m.s. acceleration (Huang and Griffin 2010, 2012) . The discomfort caused by 'combined' noise and vibration has also been investigated using SPL and r.m.s. acceleration (Seidel et al. 1990 (Seidel et al. , 1997 and using SEL and VDV (Howarth and Griffin 1990b, 1991) . 
where pA(t) is the instantaneous A-weighted sound pressure starting at time t1 and ending at time t2, and p0 is the reference sound pressure, 20 µPa (ISO 1996 (ISO -1:2003 .
The A-weighted sound exposure level, SEL, of a discrete noise event is: ) dt ) ( 1 ( log 10 (dBA) level exposure sound 
where t0 is the reference duration of 1 s.
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where a(t) is the frequency-weighted acceleration and T is the duration of the measurement period in seconds (BS 6841:1987 , ISO 2631 -1:1997 .
According to Stevens' power law (Stevens 1986) , the subjective magnitude of noise, ψs, and the subjective magnitude of vibration, ψv, are related to the physical magnitude of sound, φs, and the physical magnitude of vibration, φv, by power functions:
and ψv= kvφv nv ,
where ks and kv, are constants and ns and nv are the rates of growth of subjective sensations produced by sound and vibration, respectively. In terms of logarithms, the power functions become:
log10(ψs) = ns log10(φs) + log10(ks),
and log10(ψv) = nv log10(φv) + log10(kv),
If the subjective magnitudes of sound and vibration are judged to be equal, the subjective equivalence between noise and vibration can be expressed by:
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where k' is a constant (dB).
With noises and vibrations of variable duration, it seems more appropriate to express the equivalence between noise and vibration in terms of the SEL, LAE, and the VDV, aVDV, that reflect the expected increases in noise loudness and vibration discomfort associated with increases in the durations of noise and vibration. If LAE  20 log10(φs) and aVDV  φv, with noise and vibration of variable duration the subjective equivalence between the stimuli may be adequately described by their 'dose' values, LAE and aVDV, by:
where k is a constant (dB).
These relationships imply that when presented on a graph of log10(arms) versus LAeq, or presented on a graph of log10(aVDV) versus LAE, the subjective equivalence between noise and vibration should have a slope of s' (i.e. 20(n'v/n's) dB/(ms )). However, one or both of the slopes will depend on the duration of the stimuli because the time-dependency used to express exposure to noise (in the SEL) differs from the time-dependency used to express exposure to vibration (in the VDV). With stimuli of constant magnitude, the LAE increases by 3 dB (i.e., 2 ≈ 41%) when the duration of noise doubles, whereas aVDV increases by only 1.5 dB (i.e. 2 ≈ 19%) when the duration of vibration doubles. If both the SEL and
Published as: The relative discomfort of noise and vibration: effects of stimulus duration Huang, Y. & Griffin, M. J. Aug 2014 In : Ergonomics. 57, 8, p. 1244 -1255 the VDV have 'correct' time-dependencies (or the correct ratio of timedependencies), the slope, s, (i.e., 20(nv/ns) in equation (11)) will not change with changes in the durations of the stimuli, but the slope, s', in equation (10) will increase with increasing duration of noise and vibration, because with increasing duration, LAE increases more rapidly than aVDV. If the equivalence between noise and vibration is determined solely by average measures of the two stimuli (i.e., LAeq and arms), and is therefore independent of the durations of the stimuli, the slope, s', (i.e., 20(n' v /n's) in equation (10)) will not change, and the slope, s, in equation (11) will increase with increasing duration of noise and vibration, because with increasing duration, LAE increases more rapidly than aVDV.
The subjective equivalence between noise and vibration obtained by Howarth and Griffin (1990a) with 24-s stimuli is given by either LAeq = 88.1 + 25.1 log10(arms) or LAE = 89.2 + 29.3 log10(aVDV) (i.e., a slope of 25.1 (dB/ms A previous study has found that the subjective equivalence between noise and vibration appears to depend on whether noise is judged relative to vibration or Published as: The relative discomfort of noise and vibration: effects of stimulus duration Huang, Y. & Griffin, M. J. In : Ergonomics. 57, 8, p. 1244 -1255 vibration is judged relative to noise (Huang and Griffin 2012) . The dependence of the subjective equivalence of noise and vibration on the durations of the stimuli, as reflected in the slopes s' and s, may therefore also depend on whether the discomfort produced by noise is judged relative to the discomfort produced by vibration or the discomfort produced by vibration is judged relative to the discomfort produced by noise. When judging noise, higher magnitude vibrations appeared to mask the discomfort caused by low levels of noise and, when judging vibration, higher levels of noise appeared to mask the discomfort caused by low magnitudes of vibration (Huang and Griffin 2012) . Since noise and vibration are mostly sensed by different mechanisms in the body, the masking of vibration discomfort by noise and the masking of noise discomfort by vibration might be regarded as 'informational masking' (i.e., masking that cannot be explained by 'energetic masking' in the sensory epithelium; Shinn-Cunningham 2008).
This study was designed to investigate how the subjective equivalence of noise and vibration depends on the durations of the stimuli, and whether this dependence differs between judging noise relative to vibration and judging vibration relative to noise. Assuming r.m.s. measures of noise and vibration indicate the subjective equivalence between noise and vibration over a range of durations, it was hypothesised that if the subjective equivalence between noise and vibration is expressed in terms of the 'dose' of noise and the 'dose' of vibration (i.e., LAE = k + 20(nv/ns) log10(aVDV)), the slope, s (i.e., 20(nv/ns) dB/(ms -1.75 )), will increase as the durations of the stimuli increase.
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Subjects
Fifteen healthy male subjects with median age 24 years (range 20 to 29 years), stature 174 cm (range 165 to 196 cm), and weight 72 kg (range 52 to 115 kg) volunteered to take part in the experiment. The subjects were all students at the University of Southampton.
The experiment was approved by the Human Experimentation Safety and Ethics
Committee of the Institute of Sound and Vibration Research at the University of Southampton. Informed consent to participate in the experiment was given by all subjects.
Apparatus
Subjects sat on a rigid flat wooden surface secured to a rigid steel-framed seat with a Subjects were exposed via a pair of headphones (ATH M50) to sound stimuli generated and controlled using Adobe Audition 3 (Adobe Systems, CA, USA) software and an E-MU 0404 USB 2.0 Audio/MIDI Interface (Creative, Singapore).
Sound levels from the headphones were calibrated and measured using a 'Kemar' 
Stimuli
The sound and vibration stimuli simulated the sound and vibration in a road vehicle.
Seven levels of steady-state random sound band-pass filtered between 50 and 500
Hz were generated with LAeq levels ranging from 64 to 82 dBA in 3 dB steps (ISO 1996 (ISO -1:2003 . 
TABLES I and II ABOUT HERE

Procedure
Subjects were instructed to sit with a comfortable upright posture with their eyes closed and wear the headphones. Judgments of 'discomfort' were obtained using the method of magnitude estimation (Stevens 1986 ). The sound and vibration stimuli of Published as: The relative discomfort of noise and vibration: effects of stimulus duration Huang, Y. & Griffin, M. J. In : Ergonomics. 57, 8, p. 1244 -1255 the same durations were presented simultaneously in pairs with one of the two stimuli identified as the reference stimulus.
The experiment was undertaken in two sessions on separate days. On each day there were five parts to the study, corresponding to the five stimulus durations: 2, 4, 8, 16, or 32 s. In each part, subjects provided magnitude estimates of the discomfort caused by each of the seven levels of one of the stimuli (noise or vibration) relative to the discomfort caused by each of the seven levels of the other stimulus (vibration or noise). On one day, subjects rated the discomfort of noise, assuming the discomfort caused by the vibration was 100. On the other day, subjects rated the discomfort of vibration, assuming the discomfort caused by the noise was 100. Subjects experienced the two sessions in a balanced order.
Subjects were provided with written instructions and then practiced magnitude estimation by judging the lengths of lines drawn on paper and then by judging some combined noise and vibration stimuli until they felt confident with magnitude estimation.
Results
Discomfort of test noises judged relative to reference vibrations
For each of the five stimulus durations, and each magnitude of the reference vibration, linear regression was performed between the median values of the dependent variable, log10(ψs), and the independent variable, LAE. The slopes, ns/20, the intercepts, log10(ks), and the correlation coefficients are shown in Table III . From these linear relationships, the SELs that produced discomfort equivalent to the reference vibration (i.e., a subjective magnitude of 100) were obtained and are shown in the LAE column of Table III . Similarly, the SPLs that produced discomfort equivalent to the reference vibration are shown in the LAeq column of Table III. Published as: The relative discomfort of noise and vibration: effects of stimulus duration Huang, Y. & Griffin, M. J. In : Ergonomics. 57, 8, p. 1244 -1255 (11) (10)).
FIGURES 2 and 3 ABOUT HERE
The same procedures were applied to the magnitude estimates provided by each subject. These showed significant increases in the slopes, s (i.e., 20(nv/ns)), and the intercepts, k, in the linear regression between LAE and log10(aVDV) (p<0.01, Friedman), and showed significant increases in the slopes, s' (i.e., 20(n'v/n's)), and the intercepts, k', in the linear regression between LAeq and log10(arms) (p<0.01, Friedman) as the durations of the stimuli increased from 2 to 32 s.
With stimuli having durations of 2 and 4 s, the slopes, ns/20, in the linear relation between log10(ψs) and LAE increased when the magnitude of reference vibration increased (p=0.02 for 2 s, and p=0.07 for 4 s; Friedman). For the longer duration stimuli (i.e., 8, 16 and 32 s), the slopes did not change when the magnitude of the reference vibration increased (p>0.25; Friedman).
Discomfort of test vibrations judged relative to reference noises
For each of the five stimulus durations, and each level of the reference noise, linear regression was performed between all median values of the dependent variable, log10(ψv), and the independent variable, log10(aVDV). The slopes, the intercepts, and the correlation coefficients are shown in Table IV . From these linear relationships, the VDVs that produced discomfort equivalent to the reference noise (i.e., a subjective magnitude of 100) were obtained and are shown in the aVDV column of Table IV.
Published 8, p. 1244-1255 Similarly, the vibration r.m.s. acceleration that produced discomfort equivalent to the reference sound are shown in the arms column of Table IV.   TABLE IV ABOUT HERE Using equations (10) and (11), the equivalence between the discomfort caused by simultaneous noise and vibration was determined for every duration. The equivalence is shown in Figure 4 (from linear regressions between LAE and log10(aVDV)) and in Figure 5 (from linear regression between LAeq and log10(arms)).
FIGURES 4 and 5 ABOUT HERE
The same procedures were applied to the magnitude estimates provided by each subject. As the durations of the stimuli increased from 2 to 32 s, there were no significant differences in the slopes, s (p=0.33, Friedman), but significant increases in the intercepts, k (p<0.01, Friedman) in the regressions between LAE and log10(aVDV).
Similarly, as the durations of the stimuli increased there were no significant differences in the slopes, s' (p=0.45, Friedman), but significant increases in the intercepts, k' (p=0.03, Friedman) in the regressions between LAeq and log10(arms), as the durations of the stimuli increased from 2 to 32 s.
With stimuli of all durations from 2 to 32 s, the slopes, nv, in the linear relation between log10(ψv) and log10(aVDV) increased when the level of the reference noise increased (p<0.01, Friedman)
Contours of equivalence between sound and vibration
Contours showing the noise and vibration that produced equivalent discomfort for every duration were obtained when judging noise relative to vibration and when judging vibration relative to noise (Figures 2 to 5) .
At each duration, the slopes, s and s', were greater when judging vibration relative to noise than when judging noise relative to vibration (p<0.01 for 2, 4, 8, 16 s, and 8, p. 1244-1255 p=0.012 for 32 s; Wilcoxon). The intercepts, k, in the regressions between LAE and log10(aVDV) were greater when judging vibration relative to noise than when judging noise relative to vibration at the durations of 2 and 8 s (p<0.01, Wilcoxon) but did not differ at the other durations (p=0.08 for 4 s, p=0.28 for 16 s, and p=0.43 for 32 s).
The intercepts, k', in the regressions between LAeq and log10(arms) were greater when judging vibration relative to noise than when judging noise relative to vibration at the durations of 2, 4, 8 and 16 s (p<0.01, Wilcoxon) but were less at the duration of 32 s (p<0.01, Wilcoxon). ). In these studies, the discomfort caused by noise was the principal dependent variable (i.e., noise was judged relative to a reference vibration). ), both broadly consistent with the present study. In these studies, the discomfort caused by the vibration was the principal dependent variable.
Discussion
Equivalence when judging noise relative to vibration or vibration relative to noise
When asking subjects to state the noise or the vibration they would prefer to reduce, Fleming and Griffin (1975) and Howarth and Griffin (1990a) implying their subjects may have focused more on the vibration than on the noise, possibly because the vibration was less familiar to subjects and so demanded their attention.
As suggested by Huang and Griffin (2012), if asked to evaluate noise, subjects may focus on the modality 'noise', whereas if asked to evaluate vibration, or not told which modality (i.e., noise or vibration) to evaluate, subjects may focus on the more unusual modality of 'vibration'.
Influence of duration on the exponents for noise and vibration
When judging noise relative to vibration, for short durations of 2 and 4 s, the exponent ns in equation (5) (i.e., the slope ns/20 in the relation between log10(ψs) and LAE) increased as the magnitude of the simultaneous reference vibration increased. The discomfort produced by low levels of noise may be considered to have been underestimated due to 'masking' from the discomfort produced by high magnitudes of vibration. This is consistent with a previous study in which the exponent ns increased when judging the discomfort of noise relative to 4-s reference vibrations of increasing magnitude (Huang and Griffin 2012) . When the duration was When judging vibration relative to noise, for all durations from 2 to 32 s, the exponent nv in equation (6) (i.e., the slopes, nv, in the linear relation between log10(ψv) and log10(aVDV)) increased when the levels of the simultaneous reference noise increased. This is also consistent with Huang and Griffin (2012), who found the exponent nv increased as the level of a reference noise increased when judging vibration discomfort relative to noise discomfort with 4-s stimuli, and concluded that the discomfort produced by low magnitudes of vibration were underestimated due to 'masking' by high levels of noise. It seems that this influence of noise on judgements of vibration discomfort is independent of stimulus duration (up to 32 s). (Table I) , using SEL and VDV the range of median SEL varied from 4.2 to 11.3 dB when judging noise relative to vibration (Table IVIII) or, with SEL varying from 67 to 97 dBA (Table II) , using SEL and VDV the range of median VDV varied from 1.7:1 to 2.1:1 when judging vibration relative to noise (Table VIV) 
Influence of duration on the relative importance of noise and vibration
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Time-dependence of the slope in the equivalent comfort contour between noise and vibration
The study does not reveal how the exponents (ns and nv) depend on the durations of the stimuli (noise and vibration) but it shows how their ratio (i.e., nv/ns) varies with stimulus duration. The slope, s' (i.e., 20(n'v/n's) in equation (10)), is similar to the slope, s (i.e., 20(nv/ns) in equation (11)), over durations from 2 to 32 s. The slope, s (or s') in the regressions between LAE and log10(avdv) (or between LAeq and log10(arms)) depended on the stimulus duration when noise was judged relative to vibration but not when judging vibration relative to noise. The slope, s, is plotted as a function of duration in Figure 6 .
FIGURE 6 ABOUT HERE
When judging noise relative to vibration, in accord with Stevens' power law (Stevens 1986 ), an exponential relationship is assumed between the slope, s (i.e., 20(nv/ns)) and the duration, t:
where s0 is a constant in dB/(ms -1.75
), t0 = 1 s, and nt is the exponent. From Table IV and Figure 6 , the dependence of s on the duration t is obtained by linear regression in logarithmic form as:
log10(s) = 1.07 + 0.092 log10(t/t0)
with a correlation coefficient of 0.70 (p<0.01, Spearman). So:
When judging vibration relative to noise, the slope, s, did not change significantly with the durations of the stimuli when their magnitudes were expressed in terms of LAE and aVDV, and the median value of 23.5 dB/(ms -1.75
) for the slopes seems to be appropriate.
Published as: The relative discomfort of noise and vibration: effects of stimulus duration Huang, Y. & Griffin, M. J. In : Ergonomics. 57, 8, p. 1244 -1255 The increases in the slopes s (i.e., 20(nv/ns)) and s' (i.e., 20(n'v/n's)) with increasing duration when noise was judged relative to vibration but not when vibration was judged relative to noise might be explained by judgements of noise relative to vibration being affected by the simultaneous vibration, with the influence of vibration (similar to 'masking') decreasing as the duration increased. The judgement of vibration may have been affected by the simultaneous noise but with the influence of the noise (i.e., 'masking') independent of the duration, so the slope did not change.
The effects observed in this study may depend on the characteristics of the noise and the vibration stimuli, especially their 'meaning' to the person making judgements. The effect of one stimulus on the judgement of the other stimulus may not be a physiological phenomenon but 'information masking' (Shinn-Cunningham 2008) . Further systematic study is needed to understand 'masking effects' over long time periods and with stimuli having different characteristics.
It might be expected that with long duration stimuli the slope would be the same when judging noise relative to vibration and when judging vibration relative to noise.
From equation (14), when judging noise relative to vibration, the slope s will become 23.5 dB/(ms -1.75 ), the median value when judging vibration relative to noise, at about 33 minutes. Possibly, after long exposures to simultaneous noise and vibration, if a noise is considered to cause similar discomfort to a vibration, the vibration may be considered to cause similar discomfort to the noise.
Conclusions
For predicting the relative discomfort of steady-state noise and steady-state vibration over durations from 2 to 32 s, the combination of 'dose' measures of sound and vibration (i.e., SEL and VDV) provide less accurate estimates than the combination of the principal standardised 'average' measures (i.e., SPL and r.m.s.
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The relative discomfort of noise and vibration: effects of stimulus duration Huang, Y. & Griffin, M. J. Aug 2014 In : Ergonomics. 57, 8, p. 1244 -1255 acceleration). The findings suggest the rate of increase in discomfort with increasing duration should be similar for noise and vibration, whereas they are currently assumed to be 3 dB per doubling of noise duration and 1.5 dB per doubling of vibration duration. This conclusion should be applicable to the noise and vibration in transport and in other living and working environments.
The discomfort caused by low levels of noise may be masked by high magnitudes of vibration, and the discomfort caused by low magnitudes of vibration may be masked by high levels of noise. As the durations of the stimuli increase from 2 to 32 s, the influence of vibration on the judgement of noise discomfort decreased, whereas the influence of noise on the judgement of vibration discomfort did not change.
The slopes in dB/(ms ) expressing the levels of noise judged equivalent to various magnitudes of vibration are less when judging noise discomfort relative to vibration discomfort than when judging vibration discomfort relative to noise discomfort. Over durations from 2 to 32 s, the slopes increased with increasing duration when judging noise relative to vibration, but were independent of duration when judging vibration relative to noise. Published as: The relative discomfort of noise and vibration: effects of stimulus duration Huang, Y. & Griffin, M. J. In : Ergonomics. 57, 8, p. 1244 -1255 
